The epigenetic reader BRD4 plays a vital role in transcriptional regulation, cellular growth control, and cell-cycle progression. Dysregulation of BRD4 function has been implicated in the pathogenesis of a wide range of cancers. However, how BRD4 is regulated to maintain its normal function in healthy cells and how alteration of this process leads to cancer remain poorly understood. In this study, we discovered that BRD4 is hyperphosphorylated in NUT midline carcinoma and identified CDK9 as a potential kinase mediating BRD4 hyperphosphorylation. Disruption of BRD4 hyperphosphorylation using both chemical and molecular inhibitors led to the repression of BRD4 downstream oncogenes and abrogation of cellular transformation. BRD4 hyperphosphorylation is also observed in other cancers displaying enhanced BRD4 oncogenic activity. Our study revealed a mechanism that may regulate BRD4 biological function through phosphorylation, which, when dysregulated, could lead to oncogenesis. Our finding points to strategies to target the aberrant BRD4 signaling specifically for cancer intervention.
B
RD4 (bromodomain-containing protein 4) is a member of the bromodomain and extraterminal (BET) family. The tandem bromodomains (BD1 and BD2) of BRD4 specifically recognize acetylated histones H3 and H4 on chromatin (1) . Through this interaction, BRD4 actively recruits P-TEFb (positive transcription elongation factor b), mediators and other transcriptional activators to facilitate gene activation (2) (3) (4) . P-TEFb is a heterodimer of CDK9 and cyclin T1, which together phosphorylate serine 5 in the C-terminal domain of RNA polymerase II (RNAPII) to support transcription elongation (5) (6) (7) . Therefore, BRD4 functions as an epigenetic reader that plays a central role in transcriptional regulation, cellular growth control, and cell-cycle progression (2, 8, 9) .
Dysregulation of BRD4 function has been implicated in the pathogenesis of a wide range of cancers including acute myeloid leukemia (AML), multiple myeloma, Burkitt's lymphoma, diffuse large B-cell lymphoma, breast cancer, colon cancer, and ovarian carcinoma (4, (10) (11) (12) (13) (14) . It is also the target of a genetic translocation between chromosomes 15 and 19, denoted as t (15;19) , which results in the formation of a novel fusion oncogene BRD4-NUT that accounts for the highly lethal NUT (nuclear protein in testis) midline carcinoma (NMC) (15) .
Although BRD4 has emerged as a critical therapeutic target for a wide variety of cancers (4, (10) (11) (12) (13) (14) , the mechanisms that regulate BRD4 function have not been clearly elucidated. How alteration of BRD4 function leads to cancer development remains largely unknown. BRD4 has been shown to enrich disproportionately at a subset of key oncogenic and lineage-specific genes such as c-MYC and selectively stimulates their expression to drive cellular proliferation in cancers (4, 14, (16) (17) (18) . Blocking bromodomain binding to acetylated histones with BET inhibitors, including (+)-JQ1 (19) and I-BET (20) , specifically down-regulate these oncogenes (4, 16, 17) . Addiction of the tumor cells to highlevel expression of these oncogenes provides the basis for using BET inhibitors to abrogate BRD4 function for treating these cancers (4, 14, 16, 17) . Multiple BET inhibitors have thus entered clinical trials. Early clinical trials have shown promising results, especially for hematological malignancies (21) , highlighting the potential of targeting BRD4 in anticancer treatment. However, resistance to BET inhibitors has also emerged (22, 23) , revealing the therapeutic limitations of BET inhibitors and the complexity of BRD4 regulation mechanisms. More importantly, we and others have shown that BRD4 also plays an important role in noncancerous systems such as mouse embryonic stem cells, preimplantation embryos, and keratinocyte differentiation (9, (24) (25) (26) . There are growing concerns regarding the consequences of disrupting BRD4 function in the normal cells by using BET inhibitors (27) . Therefore, it is critical to elucidate the molecular mechanisms that regulate BRD4's biological function in both normal and disease settings so that therapeutic interventions can be developed to switch off the oncogenic activity of BRD4 specifically in cancer cells while sparing the normal BRD4 function in healthy cells.
NMC is a highly lethal tumor typically caused by translocation t (15;19) . The translocation breakpoint splits BRD4 in half, resulting in the in-frame fusion of BRD4 bromodomains and extraterminal domain with nearly the entire sequence of the NUT gene (15, 28) . NMCs represent the most lethal subset of squamous cell carcinomas (15) . They metastasize rapidly and are extremely aggressive; patients have a median survival of <7 mo (15) . Translocation t (15;19) , which causes the formation of the Significance BRD4 plays a vital role in cellular growth control. Because BRD4 is dysregulated in a wide range of aggressive malignancies, it is being increasingly implicated as a major driver of oncogenic growth and a novel target for cancer therapy. However, how BRD4 is regulated to maintain its normal function in healthy cells and how alteration of this process leads to cancer remain poorly understood. We discovered that BRD4 is hyperphosphorylated in cancers and that this hyperphosphorylation may be a general mechanism to support its oncogenic activities. Our study shows how dysregulation of BRD4 function could lead to tumorigenesis. Our discovery also provides the rationale for investigating how cellular signaling pathways modulate BRD4 phosphorylation to control its function during cancer development. This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. Email: jianyou@mail.med.upenn.edu.
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BRD4-NUT fusion oncogene in NMC (15), has been described in pediatric head and neck tumors as well as in lung cancers (29) . All NMCs carry an intact BRD4 locus and simultaneously express BRD4 and the BRD4-NUT fusion oncogene (30, 31) , providing a unique tumor model to investigate how alteration of BRD4 function by oncogenic mutation leads to cancer. The BRD4-NUT fusion oncoprotein is also tethered to acetylated chromatin by the bromodomains (31, 32) . It causes malignancy by blocking NMC differentiation while driving tumor growth (15, 19) . We and others demonstrated that BRD4-NUT stimulates BRD4 transcription function to activate specifically the expression of oncogenes such as SOX2 (28, 30) and c-MYC (18) , which collectively drive the potent NMC transforming activity. However, the molecular mechanisms by which BRD4-NUT modulates BRD4 function to induce such highly aggressive carcinomas remain to be elucidated.
In this study, we found that BRD4 is hyperphosphorylated in NMC tumors and that this hyperphosphorylation is linked to its ability to drive oncogene expression and cellular transformation. We found that BRD4 is hyperphosphorylated in other BRD4-associated cancers as well. Our study revealed a cellular mechanism that could regulate BRD4's biological function through phosphorylation, which, when dysregulated could lead to oncogenesis.
Results

BRD4
Is Hyperphosphorylated in NMC Tumors. From our previous NMC studies (28, 30, 31) , we observed that BRD4 isolated from NMC cells, including HCC2429, 10-15, 14169, and Ty-82 cells, migrates more slowly in SDS/PAGE than do a number of non-NMC cells, such as HEK293, C33A, HeLa, U2OS, and A549 cells (Fig. 1A) . Because both types of cells carry the wildtype BRD4 gene, our observation indicates that BRD4 has different posttranslational modification(s) in NMC and non-NMC cells. Therefore, we investigated the BRD4 phosphorylation status in these cells. Whole-cell lysates isolated from both HCC2429 and HEK293 cells were reactive to a phospho-BRD4 antibody, α-pS484/488 (Fig. S1A) , which was raised against diphosphorylated S484 and S488 residues of BRD4 (33) . This result suggested that BRD4 is phosphorylated in both cell types. To understand the different mobility shift of BRD4 in these cell types, we analyzed BRD4 proteins from HCC2429 and HEK293 cells and from noncancerous cells such as human dermal fibroblasts (HDFs) on an acrylamide gel containing the chemical Phos-tag that binds specifically to phosphorylated proteins and selectively retards their migration during electrophoresis (34) . Remarkably, BRD4 isolated from HCC2429 cells migrates to a much higher position than BRD4 isolated from HEK293 cells or from HDFs (Fig. 1B) . More importantly, after dephosphorylation treatment with lambda protein phosphatase (λPP) or calf intestinal alkaline phosphatase, BRD4 proteins isolated from HCC2429 and HEK293 cells and from HDFs migrated to the same position in Phos-tag gel, which was much lower the position of untreated BRD4 from any of the cell types ( Fig. 1C and Fig.  S1B ). This mobility shift was reversed when phosphatase inhibitors (PIs) were added to the phosphatase reaction. These studies demonstrated that BRD4 is phosphorylated in all three cell types, but the phosphorylation in HCC2429 NMC cells is clearly different, most likely from hyperphosphorylation.
That the dephosphorylated BRD4 proteins in HCC2429 and HEK293 cells and HDFs migrated to the same position in Phostag gel also confirmed that the unphosphorylated BRD4 proteins in these three cell types have the same molecular weight. The result suggested that the unique cellular environment in HCC2429 NMC cells might induce BRD4 hyperphosphorylation. To test this possibility, we transfected a construct expressing HA and FLAG dual-tagged BRD4 into HCC2429 and HEK293 cells. At 2 d posttransfection, the whole-cell lysates were analyzed on a Phos-tag gel (Fig. 1D ). As observed with the endogenous BRD4, HA-FLAG-BRD4 expressed in HCC2429 cells migrated to a much higher position than the same protein expressed in HEK293 cells (Fig. 1D) . Together, our study demonstrated that BRD4 is hyperphosphorylated in NMC cells. We then performed an in vitro kinase assay to confirm that BRD4 is hyperphosphorylated in NMC cells compared with HEK293 cells. Recombinant BRD4-TII protein, in which BRD4 is fused to two IgG-binding domains of protein A through a tobacco etch virus (TEV) protease cleavage site, was expressed in Escherichia coli and affinity purified on IgG beads. The BRD4-TII beads were incubated with an equal amount of nuclear proteins isolated from HCC2429 or HEK293 cells to immunoprecipitate the kinases for BRD4. The immunocomplexes captured on the beads were then subjected to an in vitro kinase assay ( Fig. 2A) . Compared with the buffer control, BRD4-TII was phosphorylated in both reactions using either HCC2429 or HEK293 nuclear extract, but much more [γ-32 P]ATP was incorporated into BRD4-TII incubated with the HCC2429 nuclear extract ( Fig. 2A) . Thus, this in vitro system was able to mimic the situation in the cells and confirmed that a higher level of BRD4 phosphorylation was induced by the cellular factors from NMC cells.
Kinases often bind directly to their substrates (35) . The data shown in Fig. 2A also suggest that BRD4 kinases can be isolated using the BRD4-TII beads. We then used SILAC (stable isotope labeling with amino acids in cell culture)-based proteomic analysis to identify the BRD4-interacting kinases that contribute to its hyperphosphorylation in NMC cells (Fig. 2B) . BRD4-TII was used as the bait protein, and TII was used as the tag control ( Fig. 2B and Fig. S2A ). An in vitro kinase assay confirmed that TII did not pull down any detectable kinase activity, but BRD4-TII coimmunoprecipitated more kinase activity from HCC2429 cells than from HEK293 cells (Fig. S2A ). HCC2429 cells then were cultured either in normal (light) medium or medium containing heavy isotope ( 13 C 15 N)-labeled arginine and lysine. Nuclear extracts from light-labeled cells were coimmunoprecipitated with TII tag protein immobilized on IgG beads, and the nuclear extracts from heavy-labeled cells were coimmunoprecipitated with BRD4-TII beads (Fig. 2B) . After extensive washing to remove unbound proteins, the two samples were combined at a 1:1 ratio and subjected to mass spectrometry. Following the principles of SILAC technology (36) , the proteins with a heavy-to-light (H/L) ratio of more than 1 as determined by mass spectrometry were identified as BRD4-associated proteins (Fig. 2C) . From this study, several protein kinases, including CDK9, the kinase component of P-TEFb, PRKDC, CKIIα, and TRIM28 (37), were identified as BRD4-interacting proteins in NMCs ( Fig. 2C and Fig. S2B ). Among these, CDK9 was found to be the most abundant BRD4-associated kinase with the highest H/L ratio ( Fig. 2C and Fig. S2B) ; the levels of the other three kinases were much lower in the BRD4-binding proteins (Fig. 2C ).
In parallel with the proteomic study, we also performed a minicompound screening to determine the effect of numerous drugs on BRD4 hyperphosphorylation. Among all the kinase inhibitors tested, only the known CDK9 inhibitors could block BRD4 hyperphosphorylation in NMC cells (Table S1 ). In a Phos-tag gel phosphorylation assay, all three CDK9 inhibitors tested-LDC000067, flavopiridol, and PHA767491-showed a significant inhibition of BRD4 hyperphosphorylation in HCC2429 NMC cells ( Fig. 2D and Fig. S2C ). In addition, two other less specific CDK9 inhibitors, 5,6-dichloro-1-β-D-ribofuranosylbenzimidazole (DRB) (38) and apigenin (39) , also reduced BRD4 hyperphosphorylation in HCC2429 cells (Fig.  S2C ). All the inhibitors tested also moderately inhibited BRD4 phosphorylation in HEK293 cells ( Fig. 2D and Fig. S2C ). In contrast, treatment with a casein kinase II-specific inhibitor, 4,5,6,7-tetrabromobenzotriazole (TBB), which has been shown to inhibit BRD4 phosphorylation (33), did not affect BRD4 phosphorylation in either HCC2429 NMC cells or HEK293 cells in the Phos-tag gel assay (Fig. S2D) .
Notably, BRD4 from the NMC cells treated with these CDK9 inhibitors migrated to the same position as the less phosphorylated BRD4 in the untreated HEK293 cells ( Fig. 2D and Fig. S2C ) but not to the lower position of completely dephosphorylated BRD4 as shown in Fig. 1C . This result suggested that other kinase(s) besides CDK9 could be involved in BRD4 phosphorylation. In addition, the CDK9 inhibitors were able to block BRD4 hyperphosphorylation efficiently in NMC cells but inhibited BRD4 phosphorylation in HEK293 cells to a lesser degree ( Fig. 2D and Fig. S2C ). These results indicated that an NMC-specific mechanism might allow CDK9 to hyperphosphorylate BRD4 in these cells.
In the in vitro kinase assay using nuclear extract of NMC cells to phosphorylate recombinant BRD4, the CDK9 kinase inhibitors also dramatically inhibited BRD4 phosphorylation, whereas TBB had no appreciable effect (Fig. 2E ). However, TBB was able to inhibit in vitro phosphorylation of the short isoform of BRD4, BRD4S (2), which contains the N-terminal bromodomains and the extraterminal domain (Fig. S2E) . Together, these results suggest that Fig. 2 . CDK9 contributes to BRD4 hyperphosphorylation in NMC. (A) BRD4-TII expressed in E. coli was affinity purified on IgG beads. The beads were either kept in buffer or coimmunoprecipitated with equal amounts of nuclear proteins from HCC2429 or HEK293 cells. After washing, beads were subjected to kinase assay. BRD4-TII samples then were analyzed on SDS/ PAGE and visualized by autoradiography (Autorad). BRD4-TII extracted from the beads before kinase assay was analyzed on SDS/PAGE and stained with Coomassie Brilliant Blue (CBB). Asterisks indicate the full-length BRD4-TII. Arrows mark a BRD4-TII fragment purified from E. coli. (B) Flow diagram of the SILAC experiment for identifying BRD4-associated proteins. HCC2429 cells were cultured in light medium (with normal arginine and lysine) or in heavy medium (with 13 C-and 15 N-labeled arginine and lysine). Nuclear extracts from light-labeled cells were coimmunoprecipitated with beads containing cross-linked TII tag protein, which served as the background control. Nuclear extracts from heavy-labeled cells were coimmunoprecipitated with beads with cross-linked BRD4-TII. After extensive washing, the two samples were mixed at a 1:1 ratio and subjected to mass spectrometry. (C) Plot showing the normalized SILAC ratio intensity. Shown is the SILAC H/L ratio versus the corresponding protein intensity distribution. Red dots indicate BRD4-associated kinases identified with log 2 (ratio H/L)>0. Blue dots highlight cyclin T1, cyclin T2, and components of the NELF complex. PRKDC encodes the catalytic subunit of the DNA-dependent protein kinase (DNA-PK). The total SILAC data are shown in Dataset S1. (D) HEK293 and HCC2429 cells were treated with DMSO or 5 μM LDC000067 for 1 h. Wholecell lysates were analyzed on Phos-tag gel and immunoblotted with BRD4 C antibody. (E) BRD4-TII expressed in E. coli was affinity purified on IgG beads and used to coimmunoprecipitate nuclear proteins from HCC2429 cells. Equal amounts of immunocomplexes were subjected to in vitro kinase assay in the presence of DMSO, 50 μM DRB, 50 μM apigenin, 50 μM TBB, or 2 μM or 10 μM LDC000067. The samples then were analyzed on SDS/PAGE and visualized by autoradiography. The asterisk indicates the full-length BRD4-TII. The arrow marks a BRD4-TII fragment purified from E. coli. (F) BRD4-TII expressed in E. coli was used to coimmunoprecipitate GST, GST-CDK9, GSTcyclin T1, MBP (Maltose-binding protein), or MBP-CDK9 from E. coli lysates as indicated. The immunocomplexes were subjected to in vitro kinase assay. The samples were resolved on SDS/PAGE and visualized by autoradiography.
Phosphorylated BRD4-TII, cyclin T1, and CDK9 are marked with red, green, and blue asterisks, respectively. The arrow marks a nonspecific band present in all the samples. See also Fig. S2 , Table S1 , and Dataset S1.
CDK9 plays a critical role in BRD4 hyperphosphorylation in NMC cells. Therefore, we focused on CDK9 in the rest of this study.
In a previous study, P-TEFb purified from mammalian cells was shown to phosphorylate BRD4 protein isolated from Sf9 insect cells in vitro (40) . To test whether CDK9 could directly phosphorylate BRD4, recombinant BRD4-TII expressed in E. coli and immunoprecipitated on IgG beads was used to coimmunoprecipitate CDK9 and cyclin T1, which also were expressed in E. coli (Fig. S2F) . Western blotting showed that BRD4-TII could pull down CDK9 and cyclin T1 efficiently, individually or in complex (Fig. S2G) . Interestingly, only the immunocomplexes containing both CDK9 and cyclin T1 demonstrated strong kinase activity for BRD4 in the in vitro phosphorylation assay (Fig. 2F) . The results provided direct evidence that CDK9 in the P-TEFb complex functions as a BRD4 kinase. Various CDK9 inhibitors also dramatically inhibited BRD4 phosphorylation in this in vitro phosphorylation assay, whereas TBB and palbociclib, a selective inhibitor of CDK4 and CDK6, had moderate effects on BRD4 phosphorylation (Fig. S2H ). This in vitro experiment using all recombinant proteins further confirmed the specific role of CDK9 in BRD4 hyperphosphorylation.
The Molecular Mechanism Underlying BRD4 Hyperphosphorylation in NMC. We then set out to understand the mechanism by which CDK9 leads to BRD4 hyperphosphorylation in NMCs. We first examined the expression level of relevant genes in HCC2429 NMC cells and compared them with HEK293 cells by RT-qPCR (Fig. 3A) . Because NMC cells carry only one copy of the intact BRD4 gene, it was not surprising that the BRD4 transcript level was about half that observed in HEK293 cells (Fig. 3A) . In contrast, the CDK9 transcript level was nearly doubled in HCC2429 cells compared with HEK293 cells (Fig. 3A) . The expression levels of cyclin T1 and cyclin T2 were comparable in HCC2429 and HEK293 cells. Hexamethylene bisacetamide (HMBA)-inducible protein 1 (HEXIM1) is a P-TEFb inhibitor that binds to cyclin T1 and sequesters the P-TEFb complex into an inhibitory complex containing the 7SK small nuclear ribonucleoprotein (41) . Interestingly, the level of HEXIM1 was significantly lower in HCC2429 cells (Fig. 3A) . Western blotting analysis of these proteins in the two cell types confirmed the higher level of CDK9 and lower level of HEXIM1 in HCC2429 cells (Fig. S3 ). In addition, we consistently detected a higher level of cyclin T1 protein in HCC2429 cells than in HEK293 cells (Fig. 3 B and C and Fig. S3 ). Therefore, the higher level of P-TEFb and the reduced level of the P-TEFb inhibitor HEXIM1 may contribute to BRD4 hyperphosphorylation in NMC cells.
We also examined the BRD4-P-TEFb interaction in HCC2429 and HEK293 cells. An antibody specific for the N terminus of BRD4 pulled down a similar amount of BRD4 from HCC2429 BRD4-NUT recruits and activates p300 to induce histone hyperacetylation in discrete chromatin foci in NMC. This hyperacetylation leads to the sequestration and enrichment of BRD4 and associated P-TEFb in the hyperacetylated chromatin domains, leading to BRD4 hyperphosphorylation. (E) HCC2429 cells were transfected with control (CO) or NUT siRNA. At 30 h posttransfection, whole-cell lysates were analyzed on Phos-tag or SDS/PAGE gels and were immunoblotted with the indicated antibodies. The bracket marks the BRD4 bands with reduced levels of phosphorylation. (F) HEK293 cells were transfected with the empty vector control or a construct expressing Xpress-tagged BRD4-NUT (XBRD4-NUT). At 2 d posttransfection, whole-cell lysates were analyzed on Phos-tag or SDS/PAGE gels and were immunoblotted with the indicated antibodies. The bracket marks the hyperphosphorylated BRD4 bands. In both E and F, lysates from untransfected HCC2429 and HEK293 cells were also loaded on the same Phos-tag gel to show the endogenous BRD4. See also Fig. S3 . (Fig. 3B) . In the reciprocal coimmunoprecipitation experiment, a CDK9 antibody also pulled down a significantly increased level of BRD4 from HCC2429 cells compared with HEK293 cells (Fig. 3C ). Although these coimmunoprecipitation results suggested an increased interaction between P-TEFb and BRD4 in HCC2429 NMC cells compared with HEK293 cells, this increase might also be caused in part by the higher levels of CDK9 and cyclin T1 detected in HCC2429 cells (Fig. 3 B and C) .
We also examined whether other cellular factors such as local kinase and substrate concentrations might contribute to BRD4 hyperphosphorylation in NMC cells. In previous studies (28, 30, 31) , we showed that in NMC cells BRD4-NUT localizes to discrete chromatin foci containing hyperacetylated histones and recruits histone acetyltransferases (HATs), such as p300, to stimulate more histone hyperacetylation in these chromatin foci. The hyperacetylated histones provide binding sites for the accumulation of the BRD4 and P-TEFb complexes (Fig. 3D) . We also have shown that P-TEFb is enriched in these hyperacetylated chromatin foci (31) . We therefore speculated that BRD4 enrichment and associated P-TEFb in these hyperacetylated BRD4-NUT foci might increase the local concentrations of both the kinase and substrate, thus leading to BRD4 hyperphosphorylation in NMC cells (Fig. 3D) . BRD4-NUT knockdown in NMC cells disperses the hyperacetylated chromatin foci, causing BRD4 to be released from the punctate chromatin foci and to diffuse throughout chromatin (31) . Importantly, BRD4-NUT knockdown in HCC2429 NMC cells also caused a partial reduction of BRD4 hyperphosphorylation (Fig.  3E) . Conversely, BRD4-NUT expressed ectopically in non-NMC cells induces the formation of histone-hyperacetylated nuclear foci in non-NMC cells and recruits BRD4 to punctate chromatin foci (31) . We found that in HEK293 cells transfected with a BRD4-NUT expression construct a portion of the endogenous BRD4 also became hyperphosphorylated and migrated to the same position as BRD4 isolated from HCC2429 NMC cells (Fig.  3F) . These studies supported the role of BRD4-NUT in promoting BRD4 hyperphosphorylation.
We also demonstrated that BRD4-NUT enriched in the hyperacetylated chromatin domain strongly stimulates the abnormal activation of the stem cell marker SOX2 to support the aberrant stem cell-like proliferation and highly aggressive transforming activity of NMC (30) . Inhibition of BRD4 hyperphosphorylation in NMC cells by BRD4-NUT knockdown also correlates with SOX2 repression (30) , suggesting that BRD4 hyperphosphorylation induced by BRD4-NUT might contribute to the oncogene transactivation that supports NMC transformation. 
Inhibition of BRD4 Hyperphosphorylation by Chemical Compounds
Represses Oncogene Expression and Cellular Transformation. Because we discovered that BRD4 recruitment to hyperacetylated chromatin foci stimulates its hyperphosphorylation, we tested whether blocking the formation of these foci in NMC cells could block BRD4 hyperphosphorylation and downstream oncogene expression. Both BRD4-NUT knockdown and overexpression provided evidence that BRD4-NUT-induced hyperacetylated chromatin foci are critical for triggering BRD4 hyperphosphorylation in NMC cells. However, the low transfection efficiency for BRD4-NUT siRNA and expression construct resulted in very moderate changes in BRD4 hyperphosphorylation in the transfected cells (Fig. 3 E and F) . We therefore used the chemical approach using three different compounds to examine further whether blocking BRD4-NUT-induced HAT recruitment and histone hyperacetylation prevents BRD4 hyperphosphorylation in NMC cells (Fig. 4) .
We first started by disrupting the BRD4-NUT/p300-induced hyperacetylated chromatin foci (Figs. 3D and 4A ). In the untreated HCC2429 cells, both BRD4 and p300 were sequestered in the hyperacetylated, distinct chromatin foci (Fig. 4A) . Treatment of HCC2429 cells with the p300 inhibitor C646 (30) for only 1 h efficiently dispersed the hyperacetylated BRD4-NUT chromatin foci in all the treated cells (Fig. 4A) . Remarkably, C646 treatment also resulted in a significant reduction of BRD4 hyperphosphorylation in HCC2429 cells without dramatically affecting the BRD4 phosphorylation level in HEK293 cells (Fig. 4B) . We, and others, have demonstrated that BRD4-NUT and BRD4 are recruited to induce abnormal activation of oncogenes such as SOX2 (30) and c-MYC (18) within the hyperacetylated chromatin domains in NMC. By inhibiting p300 activity with C646, we observed a significant repression of SOX2 (30) . Both the mRNA and protein levels of c-MYC were also reduced in C646-treated NMC cells (Fig. S4) . These results indicate that BRD4-NUT-recruited p300 plays an important role in BRD4 hyperphosphorylation, which correlates with downstream oncogene expression.
We also reasoned that if BRD4 binding to the hyperacetylated chromatin foci is critical for enriching P-TEFb to stimulate BRD4 hyperphosphorylation (Fig. 3D) , dissociation of BRD4 from acetylated histones by the BET inhibitor (+)-JQ1 (19) might also inhibit its hyperphosphorylation by dispersing the foci containing both highly concentrated CDK9 kinase and BRD4 substrate. Indeed, HCC2429 cells treated with (+)-JQ1 showed significantly reduced BRD4 hyperphosphorylation compared with the cells treated with the inactive stereoisomer (−)-JQ1 (Fig. 4C) . In contrast, the BRD4 phosphorylation level in HEK293 cells was not reduced but instead was slightly increased by (+)-JQ1 treatment (Fig. 4C) , indicating that it might be regulated through a different mechanism, such as BET inhibitor-induced adaptive kinome reprogramming (42) . The (+)-JQ1 treatment of NMC cells also led to SOX2 repression, abrogation of the aberrant stem cell-like proliferation, and complete disruption of colony formation in soft agar plates by cancer cells (Fig. 4D) (30) . Together, these results provided additional evidence that BRD4 hyperphosphorylation is linked to its downstream oncogene expression during NMC cellular transformation.
Another chemical compound, HMBA, has been used to induce cancer cell differentiation for treating a number of cancers (43) . The mechanism of HMBA action involves inducing the expression of the P-TEFb inhibitor HEXIM1 (41) . In addition, HMBA also acts as a selective bromodomain inhibitor and displaces BET proteins from chromatin (43) . We therefore tested this early anticancer agent in NMC cells. HCC2429 cells treated with HMBA indeed showed diffusion of BRD4 away from the punctate foci observed in untreated cells, indicating that HMBA could dissociate BRD4 from hyperacetylated chromatin domain (Fig. 4A) . HMBA also efficiently decreased BRD4 hyperphosphorylation in HCC2429 cells without dramatically affecting the BRD4 phosphorylation level in HEK293 cells (Fig. 4E) . This effect of HMBA may be attributable to its ability to induce HEXIM1, which then can negatively regulate the CDK9/cyclin T1 complex (41) . More importantly, HMBA treatment also led to a dramatic repression of the BRD4 downstream oncogenes SOX2 and c-MYC while inducing the cellular differentiation markers cytokeratin and involucrin (Fig. 4F) . As we reported previously (30) , NMC cells can grow into stem cell-like spheres in culture dishes and form colonies in soft agar. We therefore performed sphere-formation and soft agar transformation assays to determine if HMBA inhibits NMC proliferation and cellular transformation. Unlike the untreated NMC cells, HMBA-treated NMC cells could no longer grow into cancer stem cell-like spheres or as transformed colonies in soft agar plates (Fig. 4 G and H) .
In summary, three different chemical compounds used in this study, with different mechanisms of action for blocking BRD4 recruitment to the hyperacetylated chromatin foci, were all able to inhibit BRD4 hyperphosphorylation. We also demonstrated a correlation between BRD4 hyperphosphorylation and its ability to drive downstream oncogenes that directly contribute to NMC tumorigenesis. This study further indicates that BRD4 hyperphosphorylation may be an important factor for sustaining target oncogene expression and cellular transformation.
A Dominant Negative Inhibitor of BRD4-CDK9 Interaction Abrogates BRD4 Hyperphosphorylation, Oncogene Expression, and Cellular Transformation in NMC. Because CDK9 binds BRD4 through its C-terminal domain (44), we tested if the BRD4 C-terminal domain could be used as a dominant negative inhibitor (DNI) to block the BRD4 and CDK9 interaction competitively and to inhibit BRD4 hyperphosphorylation (Fig. 5A) . A set of constructs encoding varied lengths of the BRD4 C-terminal domains fused to the Xpress tag were transfected into HCC2429 cells. The fragment spanning amino acids 1134-1362 showed the highest expression level in HCC2429 cells when expressed from two different vectors (Fig. S5A) . Therefore, it was chosen for the rest of this study and was named "C229." We first tested the effect of C229 on the P-TEFb-BRD4 interaction by performing coimmunoprecipitation. Because C229 was degraded very quickly in the HCC2429 cell lysates used for coimmunoprecipitation, we performed the coimmunoprecipitation using HCC2429 cell lysates supplemented with or without recombinant GST-C229 expressed in E. coli (Fig. S5B) . Both CDK9 and cyclin T1 antibodies coimmunoprecipitated BRD4 in the absence of the C229, but the antibodies pulled down only C229 when it was added into the reaction (Fig. 5B) . C229 also caused a dose-dependent reduction of P-TEFb coimmunoprecipitated with BRD4 antibody (Fig. 5C ). NMC cells then were transduced with lentiviruses encoding the doxycycline (Dox)-inducible C229 to test how blocking the P-TEFb-BRD4 interaction affects BRD4 hyperphosphorylation and downstream gene expression. Remarkably, expression of C229 in NMC cells effectively inhibited BRD4 hyperphosphorylation and repressed its oncogenic target genes SOX2 and MYC (Fig. 5D and Fig. S5C ). On the other hand, C229 expression led to significant induction of NMC cell differentiation, as indicated by the robustly increased differentiation markers cytokeratin, involucrin, and c-FOS (Fig. 5D and Fig.  S5C ). The C229-expressing HCC2429 cells also showed a clearly differentiated morphology, with nearly all the cells becoming flat and enlarged (Fig. S5 D and E) . C229 expression also significantly inhibited the growth of NMC tumor cells (Fig. 5E) . The induced C229 expression diminished the ability of NMC cells to grow as stem cell-like spheres and soft agar colonies, abolishing NMC transformation (Fig. 5 F-H) . In contrast, C229 expression in HEK293 and C33A cells, which do not show BRD4 hyperphosphorylation, did not significantly repress cellular proliferation, differentiation, or transformation (Fig. S5 F-K) . Although C229 expression in HEK293 cells did not dramatically change the number of colonies grown in soft agar, the size of these colonies was reduced (Fig. S5K) . The underlying mechanism remains to be investigated. Thus, the effect of C229 on BRD4 hyperphosphorylation and cellular transformation appeared to be specific to NMC. Taken together, our results showed that C229 functions as a DNI to block the P-TEFb-BRD4 interaction, inhibiting BRD4 hyperphosphorylation, oncogene expression, and NMC transformation.
BRD4 Is Also Hyperphosphorylated in Non-NMC Cancers Associated
with High BRD4 Oncogenic Activity. Our study suggested that BRD4 hyperphosphorylation is linked to oncogene expression and cellular transformation in NMC tumors. Because BRD4 is a key therapeutic target that drives oncogene expression in multiple cancers (4, 14) , we decided to examine if BRD4 is also hyperphosphorylated in other cancer cells that have demonstrated enhanced BRD4 oncogenic activity. Activation of the BRD4-dependent core transcriptional program is the key oncogenic driver for various leukemia diseases (10, 45, 46) . BRD4 is also implicated in the pathogenesis of Burkitt's lymphoma (12) . We therefore examined the BRD4 phosphorylation status in a number of leukemia and lymphoma cell lines, including K562, MV4;11, Jurkat, THP-1, HL-60, Namalwa, and Raji cells (Fig. 6) . Using the Phos-tag gel assay, we compared the BRD4 phosphorylation status in these cancer cells and in normal cells such as HDFs, as well as in HCC2429 and HEK293 cells. BRD4 in the normal HDFs migrated to the lowest position in Phos-tag gel, showing very little signal for phosphorylated BRD4 bands (Fig. 6A) . BRD4 is phosphorylated to some degree in HEK293 cells but shows robust hyperphosphorylation in HCC2429 cells (Fig. 6A) . We detected various degrees of BRD4 hyperphosphorylation in K562, Jurkat, Namalwa, Raji, and HL-60 cells, because some of the BRD4 isolated from these cancer cells migrated to a higher position in the Phos-tag gel than BRD4 isolated from HDFs and HEK293 cells (Fig. 6A) . On the other hand, MV4;11 and THP-1 cells showed much less hyperphosphorylated BRD4 (Fig. 6A) . Notably, treatment with the CDK9 inhibitor LDC000067 dramatically inhibited BRD4 hyperphosphorylation in these non-NMC cancer cells (Fig. 6B and Fig.  S6 ). These results showed that, in addition to NMC cells, BRD4 is also hyperphosphorylated in some other cancer cells displaying high levels of BRD4 oncogenic function and that CDK9 may be a key kinase that contributes to BRD4 hyperphosphorylation.
Discussion
BRD4 is dysregulated in a range of aggressive malignancies (4, 10-12, 14, 16, 17) and is being increasingly implicated as a major driver of oncogenic growth. Hence, it is under intense investigation as a target for cancer therapy. BRD4 also plays a fundamental role in the regulation of transcription, cell-cycle progression, and cellular proliferation. However, how BRD4 activity is regulated to maintain its normal function in healthy cells and how dysregulation of this process leads to cancer remain poorly understood. Therefore, it has been challenging to develop anticancer strategies that specifically target the aberrant BRD4 oncogenic activity in cancer cells without affecting the normal BRD4 function in healthy cells.
In this study, we tackled the important question regarding the mechanistic regulation of BRD4 function during cancer development. We discovered that BRD4 is hyperphosphorylated in NMC tumors and identified CDK9 as a potential kinase that contributes to BRD4 hyperphosphorylation in NMC (Figs. 1 and 2) . High CDK9 expression levels and robust P-TEFb-BRD4 interaction in NMC may contribute to BRD4 hyperphosphorylation (Fig. 3) . Also, in NMC cells, the BRD4 and P-TEFb complexes are enriched at the BRD4-NUT-induced histone-hyperacetylated chromatin domain (31) , thus stimulating BRD4 hyperphosphorylation (Fig. 3D) . BRD4-NUT knockdown, disrupting the histone-hyperacetylated chromatin foci, inhibited BRD4 hyperphosphorylation, whereas induction of histone-hyperacetylated chromatin domain by expressing BRD4-NUT in non-NMC cells stimulated BRD4 hyperphosphorylation (Fig. 3) . Using both chemical and molecular inhibitors to disperse BRD4-NUT-induced hyperphosphorylated chromatin foci or to disrupt the P-TEFb-BRD4 interaction in NMC cells abrogated Flavopiridol significantly inhibits tumor growth in one of the two NMC xenograft lines (47) . Flavopiridol prolongs survival in murine transplanted models of MLL-ENL-transformed cells (48) . Flavopiridol has potent antitumor activity in human leukemia and lymphoma xenografts (49) . Flavopiridol has modest to significant activities in relapsed CLL in clinical trials (50, 51) . PHA-767491 CDC7/CDK9 PHA-767491 has antitumor activity in rodent models of human leukemia, human colon carcinoma, and DMBA-induced mammary carcinomas (52) . C646 p300 C646 suppresses in vivo growth of transplanted AE9a leukemia blasts in mice (53) . C646 suppresses tumor growth in a lung cancer xenograft and a leukemia xenograft (54) .
BRD4/BRD4-NUT JQ1 promotes tumor regression and prolongs survival in murine models of NMC (19) . Therapeutic effects for JQ1 were observed in mouse models of hematological malignancies, such as acute myeloid leukemia, multiple myeloma, and lymphoma, and in some solid tumors, such as neuroblastoma, breast cancer, and prostate cancer (10-14, 55, 56) . OTX015/MK-8628 (A JQ1 analog) BRD4/BRD4-NUT Among four patients with advanced-stage NMC treated with OTX015/MK-8628, two patients responded rapidly with tumor regression and symptomatic relief, and a third had meaningful disease stabilization with a minor metabolic response (57) . HMBA Releases CDK9 from its inactive complex; induces HEXIM1; targets p300 and BRD4 (43) HMBA induces a sharp decrease in tumorigenicity in a murine model of human colon cancer (58) . HMBA slightly promotes tumor regression and prolongs survival in murine models of human oral squamous cell carcinoma (59) . A phase II clinical trial was conducted using HMBA to treat patients with MDS or AML. Of the 41 patients in the trial, HMBA induced a complete remission in three patients and a partial remission in six patients (60) .
AE9a, AML1-ETO 9a fusion gene; AML, acute myelogenous leukemia; CLL, chronic lymphocytic leukemia; DMBA, 7,12-dimethylbenz(a)anthracene; MDS, myelodysplastic syndrome; MLL-ENL, mixed-lineage leukemia (MLL) oncogenic fusion caused by the translocation between chromosomes 11 and 19 (also called eleven nighteen leukemia, ENL); NMC, NUT midline carcinoma.
BRD4 hyperphosphorylation, downstream oncogene expression, and NMC cellular transformation (Figs. 3-5) . Therefore, our study suggested that BRD4 hyperphosphorylation is linked to its ability to drive downstream oncogene expression and cellular transformation in NMC tumors.
Up-regulation of a specific set of oncogenic target genes driven by BRD4 has been observed in a variety of cancers (4, 14) . Therefore, we compared the BRD4 phosphorylation status in these BRD4-associated cancers with that in normal cells. We discovered that BRD4 is also hyperphosphorylated in a number of non-NMC cancers associated with enhanced BRD4 oncogenic transcription activities (Fig. 6) , suggesting that this hyperphosphorylation may be a general mechanism that supports BRD4 oncogenic function. In line with this notion, the chemical compounds that we found to cause reduction of BRD4 hyperphosphorylation could significantly repress the growth of both NMC and non-NMC tumor growth in vivo, with several of them demonstrating potent antitumor activities in clinical trials (Table 1) . Therefore, it is tempting to speculate that these compounds may function, at least in part, by blocking BRD4 hyperphosphorylation.
Our study suggests that CDK9 is one of the major kinases that potentially could phosphorylate BRD4 in NMCs. In NMCs, BRD4-NUT-induced enrichment of CDK9 at the hyperacetylated chromatin foci may lead to BRD4 hyperphosphorylation. In addition, p300 recruited by BRD4-NUT to the hyperacetylated chromatin foci also has the ability to activate CDK9 (61) , and this activation could contribute to BRD4 hyperphosphorylation in NMC cells. Treating additional BRD4-associated cancers with a CDK9 inhibitor also blocked BRD4 hyperphosphorylation in these cancer cells (Fig. 6B) , suggesting that CDK9 could also mediate BRD4 hyperphosphorylation in these cancers. However, other cellular kinases and protein phosphatases may also regulate BRD4 phosphorylation under different physiological conditions. For example, from the SILAC BRD4 proteomic study described above, we identified a number of kinases and protein phosphatases as BRD4-binding partners ( Fig. 2 and Dataset S1). Protein phosphatases such as PP2A frequently have been found to be genetically mutated or functionally inactivated in many cancers and therefore have become attractive targets for anticancer therapy (62) . In fact, PP2A has been identified as a BRD4 serine phosphatase in triplenegative breast cancer (23) . Building on our finding and these recent studies, we reason that coordinated actions of multiple cellular kinases and phosphatases provide a tightly controlled molecular mechanism to regulate BRD4 phosphorylation and function in normal cells and that abnormal activation of these kinases or inhibition of phosphatases may lead to aberrant BRD4 phosphorylation, thus inducing BRD4 activity in oncogenes to activate tumorigenesis in NMC and other cancers. Further studies are critical to identify the additional kinases and phosphatases that regulate BRD4 phosphorylation and/or function. Identification of these BRD4 regulatory factors may allow us to examine how dysregulation of the relevant signaling pathways contributes to BRD4 hyperphosphorylation in BRD4-associated cancers.
So far, our study showed only that BRD4 hyperphosphorylation correlates with downstream oncogene expression and cellular transformation. Whether phosphorylation of BRD4 itself is the key event driving cellular transformation or whether the hyperphosphorylated BRD4 recruits P-TEFb to stimulate downstream oncogene expression is unclear and remains an important question for future studies. To prove definitively that BRD4 hyperphosphorylation supports its ability to activate the oncogenes that drive cellular transformation, we will need to identify BRD4 residues that are hyperphosphorylated in cancers and test if mutagenesis of BRD4 hyperphosphorylation sites abolishes cellular transformation. Compared with normal cells, BRD4 is hyperphosphorylated in a number of BRD4-associated cancers (Fig. 6) . Also, the wide range of BRD4 mobility shifts observed in these cancers suggested that BRD4 is phosphorylated at multiple sites. Indeed, using the KinasePhos 2.0 web server (63), we analyzed the BRD4 protein sequence and identified more than 40 consensus phosphorylation sites for kinases that potentially could phosphorylate BRD4. As described above, BRD4 also could be phosphorylated by different kinases at different sites in various cancers. The complexity of BRD4 phosphorylation pattern prevents us from mutating a specific residue of BRD4 to test its function in cellular transformation. Our current effort focuses on using quantitative mass spectrometry to identify systematically the BRD4 residues differentially phosphorylated in various cancers. Identifying the BRD4 hyperphosphorylation sites that are uniquely present in the relevant cancers will allow us to develop phosphospecific antibodies that recognize hyperphosphorylated BRD4 as new diagnostic markers to detect abnormal BRD4 function in related cancers. The BRD4 phosphorylation patterns will also be critical for future mechanistic studies to elucidate how BRD4 phosphorylation may dynamically regulate its function in both normal and cancer cells.
In summary, our study uncovered a mechanism by which BRD4 function could be regulated by cellular kinases and signaling pathways, providing insights into how dysregulation of this important epigenetic reader could lead to tumorigenesis. AML, NMC, and other BRD4-associated cancers are often resistant to conventional chemotherapy (15, 64) . Therefore, to develop novel therapeutic approaches, it is imperative to determine the oncogenic mechanisms of these cancers. BRD4 and other BET proteins provide ideal "druggable" targets for epigenetic therapy. Elucidation of the mechanism underlying BRD4 hyperphosphorylation will reveal novel targets, allowing the design of more effective anticancer therapeutic strategies to modulate BRD4 phosphorylation specifically, thereby turning off its oncogenic activity in the relevant cancers while sparing the normal BRD4 functions described in previous studies from our group and others (9, (24) (25) (26) . Our studies also open opportunities for developing BET inhibitors and kinase inhibitors as combinatorial treatment approaches for BRD4-associated cancers.
Materials and Methods
In vitro kinase and phosphatase assays, Western blot analyses, immunoprecipitation, immunofluorescent staining, RT-qPCR, soft agar growth and sphere-formation assays, and SILAC studies were performed using standard methods. Phos-tag gel analysis was performed using 5% PAGE gel containing 10 μM Phos-tag acrylamide AAL-107 (Wako Chemicals) and 40 μM MnCl 2 following the manufacturer's instructions. A full description of reagents and methods used in this study can be found in SI Materials and Methods.
